The visual flow field, produced by forward locomotion, contains useful information about many aspects of visually guided behavior. But locomotion itself also contributes to possible distortions by adding head bobbing motions. Here we examine whether vertical head bobbing affects velocity discrimination thresholds and how the system may compensate for the distortions. Vertical head and eye movements while fixating were recorded during standing, walking or running on a treadmill. Bobbing noise was found to be larger during locomotion. The same observers were equally good at discriminating velocity increases in large accelerating flow fields when standing or walking or running. Simulated head bobbing was compensated when produced by pursuit eye movements, but not when it was part of the flow field. The results showed that these two contributions are additive and dealt with independently before they are combined. Distortions produced by body/head oscillations may also be compensated. Visual performance during running was at least as good as during walking, suggesting more efficient compensation mechanisms for running.
Introduction
Forward locomotion produces a retinal pattern of radially expanding motions of environmental objects with acceleration toward the periphery. It has been well documented ever since Gibson (Gibson, 1950; Gibson, Olum, & Rosenblatt, 1955) that observers are able to use this optical flow field to extract information about 3-D motion direction, self-motion velocity, time-to-collision and obstacle avoidance. Under ideal conditions, parameters of the flow field (such as direction and velocity distributions, acceleration) can unambiguously determine the computations that have to be made by the observer to extract the required information (Van den Berg, 1996a,b; Warren, Morris, & Kalish, 1988) . But often, in real life situations, there are other motions that contaminate the simple flow field and may affect the extraction of the necessary and useful information.
One example is the case of horizontal smooth-pursuit eye movements. These are often made during locomotion, following an object of interest. These eye movements produce another flow field of linear motions of the environment across the retina. The two flow fields are combined, so that the radial retinal motions of the expanding flow field are distorted. These distortions ought to affect the efficiency and accuracy with which the information contained in the locomotion-produced flow field can be processed and used to guide behavior. It has been found, however, that often these distortions do not affect the computations from the radial flow field (Banks, Ehrlich, Backus, & Crowell, 1996; Royden, Banks, & Crowell, 1992; van den Berg, 2000) . Specifically, when the distortions are simulated, i.e., a motionless observer views a display of the combined flow fields, estimates of heading direction are inaccurate. But when the same retinal motions are produced by the observer's own eye movements, heading estimates remain 0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2007.06. 008 accurate. It has thus been proposed that, in the latter case, the observer can make use of signals about the eye movements in the form of motor commands controlling the eye movements (efference copy; von Holst & Mittelstaedt, 1950) . This constitutes an extra-retinal compensation mechanism that has been shown to be almost perfect (van den Berg, 1996a; van den Berg, 1996b) . In addition, it has been proposed that, under certain circumstances (superposition of the two flow fields), there also exists a purely retinal compensation mechanism that leads to a suppression of the linear flow field by the radial flow field but not vice versa (von Grü nau & Iordanova, 2004) .
In addition to pursuit eye movements, observers often also turn their head to effect a shift of gaze. Head turns by themselves will produce retinal linear flow fields similar to those due to eye movements. Crowell, Banks, Shenoy, and Andersen (1998) investigated whether head turns during locomotion can be compensated as accurately as eye movements, and what extra-retinal compensation mechanism(s) may be involved. In this situation, observers can use information from the vestibular semicircular canals in the inner ear, from proprioceptive sensors in the neck, and from an efference copy related to the head turn motor command. They found that accuracy could be as good as during eye movements, and that often all three compensation mechanisms need to be involved to give good accuracy. In a recent study (Tong, Patel, & Bedell, 2006) , it was similarly concluded that extra-retinal signals stemming from both horizontal eye and head movements can be used by the visual system to reduce motion smear in several situations involving observers rotating around their vertical axis.
Another example of motions that may potentially interfere with the accurate use of information from the radial locomotion-produced flow fields is the case of vertical head bobbing motions, produced during walking or running. Specifically, the body (including the head and eyes) is raised and lowered rhythmically during walking or running . In addition to the vertical motion, which is of main interest here, there are also sideways sways. The produced vertical motions are roughly sinusoidal, with an amplitude that depends on such factors as the observer's height, step size, walking style, and kind of locomotion. They are appreciably larger for running than for walking in the same observer, even for the same speed (see Fig. 1 ).
Since perception during locomotion is based on interactions of many sensory systems (visual, vestibular, proprioceptive, kinesthetic, auditory etc) , distortions of the flow field by head bobbing may be compensated in various ways. Feedback from the leg joints and muscles, the neck muscles, the vestibular system, extra-ocular muscles, and efference copies from related motor commands could all be used to compensate for the visual distortions.
In addition to giving information about heading direction, radial flow fields also give information about the velocity of the observer's forward locomotion (ego-velocity). Under natural conditions, absolute locomotion velocity and flow field velocity should be tightly related, when a particular scaling factor anchoring the actual distances in depth is incorporated. The relationship between ego-velocity and flow field velocity, however, is more complicated and not sufficiently understood. In a task where the particular scaling factor was not important, Monen and Brenner (1994) found that observers performed very poorly (velocity increases of upwards of 50% were required to detect a sudden change of flow field velocity within 500 ms), prompting the authors to conclude that observers might normally rely on non-visual cues, which were not available in this study, to detect changes in ego-velocity. In another study, which involved moving observers, it was shown that perceived flow field velocity was reduced during walking or passive movement (Durgin, Gigone, & Scott, 2005 ; see also Durgin & Simmons, 2007) . This reduction may allow the system to improve velocity discrimination performance during locomotion (Barlow, 1990; Thurrell & Pelah, 2002) . Furthermore, it has also been found that changes in flow field velocity can lead to unintentional changes in Step position is normalized and shows one step for each leg. Vertical position is relative to an arbitrary starting point. Each curve is the mean of 6 replications with ±1 SE. Data were obtained from video recordings of the head and reconstructed frameby-frame. the observer's walking velocity by adjustments in step size (Prokop, Schubert, & Berger, 1997) . The relationship between ego-motion and flow field motion thus seems to indicate many reciprocal influences.
In the present study, we recorded head and eye movements while observers were standing or walking or running and fixating a stable or oscillating fixation point in the center of a large expanding flow field. Eye movements in this case are compensatory for the head movements caused by the displacements of the body during locomotion and serve to maintain fixation. It is well known (Land, 2006 ) that during natural movements, the eyes rotate simultaneously with head translation and rotation. This counter-rotation of the eyes is the main contribution for the maintenance of retinal image stability during head movements. The vestibular-ocular reflex (VOR) is the main gaze stabilizing mechanism responsible for this accomplishment. The VOR corrects for both translational and rotational movements and stabilizes images on the retina during locomotion by producing an eye movement in the direction opposite to a head movement . Thus the recording of eye and head movements allowed us to determine how effectively the locomotion-induced bobbing motions were cancelled by pursuit eye movements and how large the remaining motion noise was. We also measured velocity discrimination thresholds for observers standing, walking or running on a treadmill in front of a large flow field display while fixating. This task should avoid the distance-scaling problem, as long as the scale adopted by the observer remains constant. The distance-scaling problem comes about because distances in the z-direction are only relative, not absolute, in these flow fields. Velocity in the frontal plane therefore could signal different 3-D velocities, depending on the perceived distance. No attempt was made to match locomotion velocity (which was always equal to treadmill velocity) to flow field velocity, other than to operate in a range of velocities that had been judged compatible in a pilot study. Results suggested good compensation of the bobbing noise, since thresholds were similar in the standing and locomotion conditions. Then we determined thresholds for simulated head bobbing of various amplitudes by oscillating the flow field vertically with a stationary observer, thus removing the possibility of compensation based on proprioceptive, vestibular and eye movement cues. Further, simulated head bobbing was also tested for conditions with eye movements pursuing a vertically oscillating fixation point with a stable flow field or a flow field oscillating in phase with the fixation point. These conditions examined the possibility of compensation by extra-retinal cues.
Experiment 1: Eye and head movements during locomotion

Purpose
The goal of this experiment was to measure eye and head movements during the standing, walking and running conditions, while observers were fixating on a stationary dot in the center of the flow field as in Experiment 2 during the measurement of velocity discrimination thresholds. Analyses of these movements allowed us to examine the extent to which eye movements were made to cancel out the head bobbing movements.
Methods
Participants
Three experienced psychophysical observers, two of the authors and a naïve lab member, participated in the experiments. All had normal or corrected-to-normal acuity, based on self-report. Both eyes were used for the recordings, but only data for the right eye were analyzed. The participants stood or walked or ran on the treadmill.
2.2.2. Apparatus and stimuli 2.2.2.1. Visual display. Stimuli were created on a Macintosh G4 Powermac computer (75 Hz frame rate) and displayed on a large back-projection screen (90 deg diameter), using a Proxima Desktop 6800 projector. Times were defined in terms of the frame rate. Flow fields consisted of 200 white (16 cd/m2 luminance) dots (.25 deg diameter) on a black background (0.5 cd/m2 luminance). They were displayed as a cloud of dots with equal density and exponential acceleration from the center to the periphery. Equal density was achieved and maintained by having new dots being born with the appropriate directions and velocities. The central region with a diameter of 5.73 deg was left blank to avoid aliasing. A small stationary red fixation dot was presented in the center of the display. All stimuli were created and displayed by the VPixx software (VPixx Technologies Inc.; http://www.vpixx.com), which also controlled data collection.
Treadmill.
A Schwinn treadmill, model 810 P, was used. Observers either stood on it or walked or ran at a velocity of 4.6 km/h. They were able to touch side rails for security. The observers' head remained about 1 m from the screen.
Eye tracker.
Eye and head movements were recorded with a head-mounted EyeLink II eye tracking system with an attached scene camera (SR Research Ltd., Ottawa, Canada). Eye movements were recorded by tracking the pupil and corneal reflection at a sampling rate of 250 Hz. Head movements were derived from a video recording of the scene in front of the participant with a sampling rate of 30 frames per second. The x-y positions of the fixation point were extracted for each frame.
Design and procedure
After the eye tracker calibration procedure, which was repeated after each walking or running episode, participants positioned themselves on the treadmill. According to condition, they began to walk or run at the velocity of 4.6 km/h or just continued standing. We took special care that the eye tracker did not move during locomotion (it was tightly fitted to the head, the connecting wires were securely fixed to the body, so that they could not exert any pulling or pushing actions). Eye and head movement recordings were then started for short episodes of locomotion. About 2.3 s of recording were used for the analyses. The locomotion conditions were presented once each in different order for the participants.
Results and discussion
Fig . 2 shows examples of reconstructed head movements and recorded eye movements for the same trials. Since the absolute y-position is arbitrary (depending on camera position and angle etc), head and eye movement records were aligned to have the same mean value. Two aspects are clearly apparent. Eye movements follow head movements quite well. When the head moves up, the visual image recorded by the head camera moves down (which is what is plotted here). Correspondingly, the eye follows the visual image with a downward eye movement. Secondly, the two movements cancel each other out only partially. In other words, when the two traces are subtracted, there remains a certain amount of noise, which varies with time.
Strictly speaking, our measurements of head movements could be combinations of vertical head translation (linear up and down movements) and head pitch (rotation around a horizontal axis through the head). Moore et al. (1999) found that the head pitch amplitude is small at our target distance of 1 m. Compensatory eye movements therefore should relate mostly to the vertical head translation. In addition in the present case, observers were also instructed to keep their head still. Thus our recorded eye movements approximately matched the vertical head translation (see Fig. 2 ).
To compare head and eye movement amplitudes, we measured the average difference between the peaks and troughs along the traces. These results show the following: Our measurements capture the vertical head movements (bobbing) introduced by locomotion. They also show to what degree the eyes are able to cancel the head movements. While the amplitudes are comparable, cancellation is not complete. The noise that remains is much more variable during locomotion than standing. These results would predict that perceptual tasks that depend on accurate information from the flow field would be performed less efficiently during locomotion than during standing.
When examining the motion noise examples in Fig. 2 , it appears that this noise decreases over time. If that were so, flow field distortions could be minimal toward the end of a trial, thus perceptual task performance might not be expected to vary significantly across locomotion conditions. We examined that possibility by comparing the amplitude and variability of the noise for the first and the last 500 ms of a trial for each observer for Walking and Running. The results are graphed in Fig. 3c-f . An analysis across the observers shows that noise amplitude did not differ significantly for the two time periods [F(1, 2) = .51; p > .5; eta 2 = .20 for running; F(1, 2) = .013; p > .9; eta 2 = .01 for walking], and the observers were fairly consistent. Noise variability declined somewhat but not significantly over time [F(1, 2) = 2.08; p > .2; eta 2 = .51 for running; F(1, 2) = 1.66; p > .3; eta 2 = .45 for walking], and was also inconsistent among the observers. Thus, motion noise remained fairly constant throughout the trial in terms of amplitude and variability. In the next experiment, perceptual judgments of flow field velocity in a discrimination task were examined during standing, walking or running.
Experiment 2: Velocity discrimination with locomotion
Purpose
The goal of this experiment was to measure velocity discrimination ability in three different locomotion conditions, while standing or walking at 4.6 km/h or running at 4.6 km/h. It was expected that standing still would provide the best conditions for discriminating flow field velocities, since the radial flow fields would be least distorted by the remaining bobbing noise measured in Experiment 1, and only small compensations would be necessary. 
Methods
Participants
The same 3 observers participated in this experiment. All had normal or corrected-to-normal acuity, based on self-report. In order to restrict the viewed area to the flow field and to exclude the edges of the screen and parts of the treadmill, observers wore goggles. Furthermore, viewing was monocular to reduce accurate depth information and to increase the ecological validity of the stimulation.
3.2.2. Apparatus and stimuli 3.2.2.1. Visual display. Apparatus and stimuli were the same as in the previous experiment, except that no head or eye movement measurements were taken.
The standard velocity was chosen to correspond to the velocity that was matched to the treadmill velocity of 4.6 km/h (1.28 m/s) by a group of observers in a previous experiment. Since the velocity of the dots changed with the distance of the dots from the center (acceleration), it was defined as 19.3 deg/s at 22.6 deg distance from the center of the flow field. The comparison velocities were defined in the same way and had the following values (all at 22.6 deg from the center, about half-way between the center and the peripheral edge): 19.3, 19.88, 20.63, 21.49, 22.63, 24 .07 deg/s. Only velocities faster than the standard were used to compute the differential thresholds.
A mask of equal extent was presented before each flow field (standard or comparison). It consisted of a field of dynamic black and white dots with a granularity approximately matching the size of the flow field dots. This was done to eliminate any traces of motion aftereffect or motion fading that might have developed before the second flow field of a trial was presented. A red fixation point (.66 deg diameter) was present in the center of the display throughout the trial.
3.2.2.2. Treadmill. The same treadmill was used. Observers either stood on it or walked or ran at a velocity of 4.6 km/ h. They were able to touch side rails for security. The observers' head remained about 1 m from the screen. During all the testing with locomotion, observers moved at the given velocity. Observers could take short breaks between trials, if needed, by stepping on the side frame of the treadmill.
Design and procedure
At the beginning of a testing session, observers positioned themselves on the treadmill, either standing in place, or walking or running to match the treadmill speed. When ready, testing was begun by presenting the visual stimuli. The first flow field was presented for 1.5 s, followed by a .5 s delay, and the presentation of the mask for 1 s. After another .5 s delay, the second flow field was presented for 1.5 s. The method of constant stimuli was used. The observers responded by saying aloud, whether the first or second episode contained the faster flow field (2 Alternative Forced Choice). The responses were recorded by the experimenter into the computer. This constituted one trial, during which observers had to keep strict fixation. Between trials, observers were encouraged to relax their fixation, to blink or to interrupt walking or running if necessary. Thus continuous fixation durations were usually only a few seconds.
One episode contained the flow field with the standard velocity and the other episode contained the flow field with a variable comparison velocity. For each combination of the standard and one of the comparison stimuli, the standard was presented equally often in the first and second episode. 20 repetitions for each combination were used to calculate the 75% differential threshold. For each condition, five threshold determinations were run. Observers completed one threshold determination consisting of 100 trials in one daily session, which lasted about 15 min. The order of conditions was counterbalanced across observers, and the order of the episodes and of the comparison stimuli was randomized by the computer.
Results and discussion
The 75% thresholds were determined for each of the 3 conditions and 5 replications for each observer by use of the Bootstrap program (http://vision.opto.umontreal.ca), which fits a cumulative Gaussian function to the obtained frequency data. Results averaged over the three observers are shown in Fig. 4 .
There was no statistically significant difference between the locomotion conditions [F(2, 8) = .238; p = .794; eta 2 = .056]. Observers could discriminate changes in flow field velocity that were of the order of 1.3 deg/s (about 7%), irrespective of whether they were standing still or walking or running. Whatever the distortions of the visual input caused by the observers' locomotor activity (head bobbing), it had no effect on their ability to discriminate flow field velocity.
Data for the individual observers are presented in Fig . Two observers showed a trend for improvement of discrimination ability with running, while the third showed a decline.
The results of this experiment suggest that the distortions introduced by the locomotion (vertical head bobbing noise and lateral sway) did not deteriorate the observers' ability to make accurate discriminations between different flow field velocities. In the walking and running conditions, observers made some compensatory eye movements (see Experiment 1), since they were required to keep fixating the fixation dot while their head moved up and down as a result of the walking and running movements. From Experiment 1 we know that head and eye movements were in anti-phase, but that the eye movements did not completely cancel out the head movements. Any part not cancelled out must be considered as noise leading to distortions of the flow field motions.
In this experiment, the observers received normal feedback from all extra-retinal sources related to the visual distortions. It follows that possible detrimental effects were apparently compensated for by the visual system using information from these extra-retinal sources. In the following experiment, the influence of these sources was eliminated by simulation of the vertical head bobbing.
Experiment 3: Velocity discrimination with simulated head bobbing
Purpose
In the previous experiment, either all cues were allowed to be involved (walking, running) or no cues (standing). The goal of the present experiment was to measure velocity discrimination ability, when the effects of head bobbing were simulated by oscillating the flow field, while the observer was stationary and fixating the fixation point. This produced distortions of the flow field that were not cancelled by eye movements. It was expected that the absence of any extra-retinal cues would result in an increase of velocity discrimination thresholds with increasing amplitude of the flow field oscillations.
Methods
The methods were the same as in Experiment 2, except that the same observers were always standing, while the flow field was also oscillating vertically. The vertical oscillations of the whole flow field were sinusoidal in nature and occurred at the same time as the expanding motion of the dots. The oscillation frequency was 1.67 Hz, which would correspond to an average step size of 77 cm at the locomotion velocity of 4.6 km/s. The observers, however, were standing still throughout the trial. The amplitude of oscillation was adjusted for each observer individually to match the amount of head bobbing for walking at 4.6 km/h. This was determined before the experiment by video-recording head movements and measuring the average oscillation amplitudes. The amplitudes varied between 1.67 and 2.66 deg of visual angle. These oscillations were sinusoidal in shape with a fixed amplitude and thus more regular than the locomotion-produced compensatory eye movements, which had more variable amplitudes and shapes. In addition to the measured amplitude (medium), amplitudes of half (low) and twice (high) this amplitude were also presented. Thresholds were measured in the same way as in Experiment 2, based on 20 replications for each comparison and five determinations of each threshold.
Results and discussion
The results are presented in Fig. 6 as the average over the three observers. The obtained thresholds varied systematically between the conditions, comparing a stable flow field (only expanding) with flow fields that were also oscillating at low, medium or high amplitudes [F(3, 6) = 12.9; p = .005; eta 2 = .87]. Thresholds increased with increasing oscillation amplitude (from about 7% to about 12.4%), indicating that the increased visual distortions were not compensated and thus interfered with velocity discrimination ability. These results were similar for the individual observers (see Fig. 7 ), but their overall ability [F(2, 8) (Bonferroni) showed that the difference between the stable and the medium amplitude condition was significant at p = .014.
Overall, this experiment has shown that bobbing motion produced externally to the observer resulted in visual distortions that could not be compensated. Flow field velocity discrimination ability therefore declined as a function of the bobbing amplitude.
5. Experiment 4: Velocity discrimination with eye movements and simulated head bobbing
Purpose
In the second experiment, there were either no distortions (standing) or the distortions were produced by locomotion (walking, running), which were partially cancelled by eye movements with increasing amplitude, but also with increasing noise variability. Both cases resulted in low and comparable discrimination thresholds. When the distortions were simulated without observer participation (Experiment 3), thresholds increased with the size of the distortions and were apparently not compensated. The simulated distortions, however, were different from the locomotion-produced distortions. Compensation might not have been possible for this reason. In the present experiment, we compared velocity discrimination thresholds when distortions were caused by simulated flow field oscillations, by similar eye movement produced oscillations or by in-phase flow field and eye movement oscillations. Thus the same artificial distortions were used, but some were observer-produced.
Methods
In this experiment, we used the same basic approach for measuring differential thresholds of velocity. Thus the same methods were used with the same observers. The flow fields were the same as before. In one condition (FP), the observers were asked to make pursuit eye movements to a fixation point in the center of the display, that moved vertically in sinusoidal fashion, in the same way as the bobbing flow fields in the previous experiment. Again, the amplitude of oscillation was adjusted for each observer individually to match the amount of head bobbing for walking at 4.6 km/h. The same three amplitudes (low, medium, high) were used. The observer was standing still while following the fixation point with the eyes. In another condition (FF + FP), the observer made the same pursuit eye movements, but this time the flow field was also bobbing inphase with the fixation point. These conditions were compared to the condition from the previous experiment, where the flow field oscillated with a stable fixation point (FF condition). Thus, in this condition, the flow field oscillated across the retina. In the FP condition, the flow field also oscillated across the retina in a similar way, but this motion was caused by the observer's own eye movements. In the (FF + FP) condition, the flow field remained fairly stationary on the retina. The FP and (FF + FP) conditions were presented to the observers in a counter-balanced order in separate sessions. Five thresholds were determined for each condition for each observer.
Results and discussion
The results are presented in Fig. 8 as the average over the three observers. The differential thresholds are graphed as a function of the bobbing amplitude for the three movement conditions. The effect of the amplitude of the distortions affected the thresholds [F(2, 4) = 24.7; p = .006; eta 2 = .925], but this effect depended on the condition [F(4, 8) = 14.86; p = .001; eta 2 = .88]. When the distortions were caused by eye movements following the oscillating fixation point, amplitude had no effect. But for the other two conditions, larger amplitudes resulted in higher discrimination thresholds. The latter results indicate that the increased visual distortions were not compensated and thus interfered with velocity discrimination ability. All three individual observers showed the same pattern of results (see Fig. 9 ), but their overall thresholds [F(2, 8) = 88.9; p < .0005; eta 2 = .96] and the strength of their condition effect [F(4, 16) = 5.69; p = .005; eta 2 = .59] differed. Nonetheless, all observers consistently showed the same relationships. Pairwise comparisons (Bonferroni) showed that thresholds were lower for the FP condition, as compared to the FF (p = .008) and FF + FP (p = .002) conditions.
Overall, this experiment provided evidence that the simulated head bobbing oscillations could be compensated behaviorally when they were caused by pursuit eye movements (FP condition), but not when they were caused by oscillations of the flowfield (FF condition). When eye movements matched the flowfield oscillations in the (FF + FP) condition, the oscillations remained detrimental to accurate velocity discrimination, even though no (or only small) retinal oscillatory motions were present in this condition. How well eye movements were able to follow the oscillatory motion of the fixation point in the FP and (FF + FP) conditions, is demonstrated in Fig. 10 for 1 observer. Accuracy was similarly high (error variability SD = 6.19 and 6.44, respectively) . This means that observers were equally good at following the moving fixation point in both conditions, and this was not the reason that caused the differential performance. It also means that the flow field was fairly well stabilized on the retina in the (FF + FP) condition.
General discussion
Summary of results
Recordings of head and eye movements during the standing and locomotion conditions showed that eye fixation cancelled head movements only partially, leaving a motion noise that was significantly larger during locomotion than during standing, but equal for walking and running. The main question addressed in this study was the possibility that locomotion, like in walking or running, would create distortions of the visual flowfield that would make velocity discriminations based on flowfield information more difficult. What we found, suggests that velocity thresholds were not affected by locomotion. Furthermore, there was also no difference between walking and running, despite the much larger bobbing motions in the latter condition, but in line with the similar size of the remaining motion noise.
In the study by Monen and Brenner (1994) , observers needed an increase of 50% to detect a change in ego velocity. This is a surprisingly low sensitivity. Our thresholds were very reasonable (between 6.5% and 6.7%), compared to other values in the literature (Sekuler, 1992: 5%; Mestre, 1991: 10%) . Some of the differences can probably be attributed to differences in methodology. The tasks, the psychophysical methods, the stimuli, observer's position and locomotion, and the response time requirements varied among the various studies.
Given the independence of discrimination thresholds with respect to locomotion-induced bobbing amplitude and the remaining motion noise, the third experiment addressed the question whether a simulated variation of bobbing amplitude of the flowfield would affect discrimination thresholds. It was found that larger bobbing amplitudes made velocity discrimination more difficult, leading to increased thresholds. Thresholds reached up to 12.4% on average in the high simulated bobbing condition in the present study.
In order to begin to better understand the involvement of the various sensory and motor systems in the compensation of the induced distortions of the flowfield, we showed that eye movement induced oscillatory motions do not interfere with velocity discrimination. When the two kinds of motion (eye movement and flowfield induced) were both present in phase, thus nulling the produced retinal motion, discrimination thresholds were similarly increased as with the flowfield oscillation alone.
Kinds of compensation
The fact that velocity discrimination thresholds were not affected by locomotion seems to suggest that the visual effects of the induced distortions of the regular flowfield were compensated. It is, however, not known how this compensation occurs. The vertical head bobbing motions are produced by the action of walking or running. These involve many systems, like the feet, legs, torso, neck, head and eyes. The end result is oscillatory vertical motion of the head and with it of the eyes. The eyes in the present study, however, performed a corresponding nulling motion by fixating a stationary fixation point. This would effectively eliminate the retinal motion related to the bobbing oscillations, except for the remaining motion noise (Experiment 1). Thus, in the motion conditions, we had a locomoting observer, pursuing a stable fixation point with the eyes, with a stable flow field. This led to overall compensation (Experiment 2). In particular, in this condition, eye movements and head (body) movements were in anti-phase. If the effects of the eye movements were compensated by the use of appropriate extra-retinal signals, as it occurred in the simulated FP condition (Experiment 4; and previously, as cited above), we would be left with an apparent flow field-induced bobbing motion due to the head (body) movements. Since there was no detriment in the velocity discrimination task (Experiment 2), it seems that the effects of the head (body) movements were also compensated. This would suggest that extra-retinal signals stemming from the systems that produced the head movements were also effective. The operation of such signals has been suggested previously for horizontal head movements (Tong, Patel & Bedell, 2005 , 2006 . The present situation is more complicated, however, since there are several possible sources of feedback that could underlie this compensation: vestibular semicircular canals in the inner ear, proprioceptive sensors in the neck, proprioceptive sensors in the legs, feet and back. Further research is needed to disentangle the various contributions.
One way to conceptualize the above interactions is illustrated in Table 1 . Some kinds of motion (eyes, body + head, world, retinal image) are listed for the various experimental conditions (locomotion w/FP, FP oscillation, FF oscillation, FP + FF in phase oscillation). If it is assumed that the effects of oscillations produced by eye movements are effectively compensated (evidence from this study; FP oscillations in Experiment 4), that oscillations produced by body + head may also be compensated (deduced from this study; locomotion w/FP in Experiment 2), and that oscillations produced by movement of the world (FF oscillation) are not compensated (Experiment 3), the obtained threshold behavior can be accounted for (see Table 1 ).
In Experiment 4, we found that bobbing distortions produced by eye movements were compensated, since thresholds did not depend on the amplitude of the eye movements. It is interesting that this compensation by extra-retinal signals seems to remain, even when an equivalent movement of the flow field renders the retinal image practically stable, thus removing the usefulness of any compensation. Since external bobbing of the flowfield is not compensated (Experiment 3), performance declines with increasing amplitude. Thus, the application of the eye movement compensation mechanism seems automatic, and occurs even if the overall motions (eye oscillations and flowfield oscillations) result in an approximately stable retinal image, and thus performance without compensation could potentially be better. This finding argues for a certain independence of the various components that contribute to the overall process of integrating the involvement of the different modalities. At least the distortions produced by eye movements and external bobbing motions of the flow field seem to be additive and dealt with independently before they are combined.
As in most experiments involving optic flow, the distance between the observer and the visual stimulus was fixed in our experiments. In reality, however, different parts of the optic flow field are at different distances. This gives a strong impression of looming. In order to increase the similarity of our impoverished stimuli with natural stimuli, the observers viewed the stimuli monocularly and through goggles, which restricted the field of view as to exclude the screen edges and other parts of the apparatus. This gave a very strong feeling of a 3-dimensional space and of selfmotion through this space. The velocity judgments were therefore made under conditions that resembled natural conditions as much as possible under the given laboratory restrictions. Informal accounts by our observers testified to the experienced level of reality. Using virtual reality techniques could certainly further improve this situation.
In our study, walking and running occurred at the same velocity. This was done to keep locomotion speed constant across locomotion kinds. The velocity of 4.6 km/h was in a range that is used naturally by people when walking (up to 8.2 km/h; Alexander, 1980) . It could be argued, however, that this speed was not optimal for running. Normal jogging velocities are in the range of 11.5 to 15.2 km/h (Cavanagh & Kram, 1989) . It is possible therefore, that this velocity was not adequate for a difference between the two locomotion kinds to appear. The obtained velocity thresholds might under-estimate the performance for running. This would be in line with a hypothesis, advanced by Bramble and Lieberman (2004) , according to which humans are especially well designed for long-distance running, rather than walking. A visual consequence of this idea could be that during running, head bobbing motions are better compensated, so that the produced distortions have less of a detrimental effect, leading to lower velocity discrimination thresholds.
Conclusions
The present results show that head bobbing motions, produced by forward walking or running locomotion, do not affect velocity discrimination thresholds in the present set-up, presumably due to compensation mechanisms. It was further shown that eye movement produced bobbing motions are compensated, and that the outcome is then combined with externally produced bobbing motions. It was also concluded that distortions produced by oscillatory motions of the body/head were also compensated during locomotion. Furthermore, visual performance during running is at least as good as during walking, suggesting more efficient compensation mechanisms for the former. Motion kind
